Background: Transmembrane peptide mimics (TMPMs) may be useful to prevent helix-helix interaction of multidrug transporter proteins.
Results:
Rationally designed TMPMs chemosensitized azole-resistant clinical isolates of Candida by blocking drug efflux and in vivo improved the therapeutic efficacy of fluconazole. Conclusion: TMPMs as antagonists offer an alternative approach to chemosensitize azoleresistant Candida isolates. Significance: TMPM-based approach may be extended to other clinically relevant membrane proteins.
SUMMARY
Drug resistant pathogenic fungi use several families of membrane-embedded transporters to efflux antifungal drugs from the cells. The efflux pump Cdr1 (Candida drug resistance 1), belongs to ATP-binding cassette (ABC) superfamily of transporters. Cdr1 is one of the most predominant mechanisms of multidrug resistance (MDR) in azole-resistant (AR) clinical isolates of Candida albicans. Blocking drug efflux represents an attractive approach to combat MDR of this opportunistic human pathogen. In this study, we rationally designed and synthesized transmembrane peptides mimics (TMPMs) of Cdr1 protein (Cdr1p) that correspond to each of the 12 transmembrane helices (TMHs) of the two transmembrane domains (TMDs) of the protein to target the primary structure of the Cdr1p. Several FITCtagged TMPMs specifically bound to Cdr1p and blocked the efflux of entrapped fluorescent dyes from the AR (Gu5) isolate. These TMPMs did not affect the efflux of entrapped fluorescent dye from cells expressing the Cdr1p homologue Cdr2p or from cells expressing a non-ABC transporter Mdr1p. Notably, the time correlation of single photon counting fluorescence measurements confirmed the specific interaction of FITC-tagged TMPMs with their respective TMH. By using mutant variants of Cdr1p, we show that these TMPM antagonists contain the structural information necessary to target their respective TMHs of Cdr1p and specific binding sites that mediate the interactions between the mimics and its respective helix. Additionally, TMPMs that were devoid of any demonstrable hemolytic, cytotoxic and antifungal activities chemosensitize AR clinical isolates and demonstrated synergy with drugs that further INTRODUCTION Fungal infections have increased over the past three decades because of the increased population of immunocompromised patient resulting from transplantation surgery, cancer chemotherapy and HIV infections (1) . Infections caused by C. albicans are commonly treated with either azoles or non-azole antifungal agents. Widespread and prolonged use of antifungals in recent years has led to the rapid emergence of azole resistant (AR) strains of Candida, which exhibit MDR (2) . Various mechanisms that contribute to the development of MDR have been identified. Overexpression of drug efflux pump encoding genes, such as CDR1 or CDR2, which belong to the ABC family, and CaMDR1, which belongs to the MFS (Major Facilitator Superfamily) transporter family, represents one strategy that Candida strains use to develop drug resistance (3) . Among the ABC transporters, Cdr1p is a major drug transporter in C. albicans, and overexpression of Cdr1p coincides with increased drug substrate efflux in AR clinical isolates (4) . Novel modulators or inhibitors, which can block the drug extrusion mediated by these efflux proteins, represents an attractive approach to reverse MDR.
The Cdr1p of C. albicans is a 170 kDa protein comprising 1501 amino acids, which is structured as 2 homologous domains. Each transmembrane domain (TMD) consists of twelve TMHs that are preceded by a cytoplasmic hydrophilic nucleotide-binding domain (NBD) that hydrolyses ATP to power drug efflux. Both TMDs are involved in substrate recognition and release and presumably undergo significant structural reorganization during the various steps of drug transport (3, 4) . Because of the variety of substrates that Cdr1p can efflux, it is not surprising that despite an overall conservation of the domain architecture of the TMDs, their primary sequences are variable. In contrast, the NBDs of all ABC transporters are highly conserved both in terms of primary structure and domain architecture (3) (4) (5) . Notably, TMHs of membrane proteins also participate in various biological processes, such as signal transduction, ion transmission, and membrane-protein folding; therefore, targeting these TMHs with rationally designed TMPMs is an attractive approach for the disruption of key helix-helix interactions of these membrane proteins (6) . Using a similar approach, synthetic peptides against membrane proteins, such as the Class II-G protein coupled secretin receptor, have successfully inhibited their function (7). Tarasova et al. developed a panel of highly specific peptide inhibitors of pglycoprotein (P-gp) based on the structure of the TMDs of this transporter and have shown that their peptide antagonists exert selective inhibitory action by disrupting the proper assembly of P-gp (8) . Recently, a rationally designed hydrophobic peptide mimic against TMH4 of the small multidrug resistant protein (SMR) of Halobacterium salinarum was shown to block the drug transporter (9) .
The primary advantage of the TMPMs is the highly rational nature of their design. A selective TMPM can be developed based only on the primary structure of the target protein.
However, poor solubility of the highly hydrophobic peptide mimics and a tendency for aggregation during synthesis, purification and subsequent biological applications are obstacles to the development of TMPMs that must be overcome. Here, we hypothesized that TMPMs against the TMHs of Cdr1p could specifically interfere with helix-helix interactions, thereby preventing the proper assembly and folding of Cdr1p. Therefore, we rationally designed and synthesized TMPMs against all twelve TMHs of Cdr1p. We incorporated additional aspartate residues at either the N-or C-terminal of the peptide to circumvent aggregation of the highly hydrophobic TMPMs, which results in reduced hydrophobicity and increased solubility. It was observed that FITC-tagged TMPMs bound to the cell surface of yeast cells and blocked the efflux of trapped fluorescent substrates, such as Nile red (NR) and Rhodamine 6G (R6G) in yeast cells overexpressing Cdr1p. Additionally, these TMPMs also chemosensitized AR clinical isolates of Candida. Taken together, we provide evidence that selective peptide mimics of TMHs specifically block the efflux of fluorescent substrates of a yeast multidrug transporter and therefore provide a novel template for optimizing TMPM development as potent nontoxic inhibitors.
EXPERIMENTAL PROCEDURES
TMPM synthesis and purification -Synthesis and purification of the TMPMs and FITClabeled TMPMs were performed as described previously (10) . Briefly, TMPMs were synthesized (1 mM synthesis scale) using solidphase methods with Fmoc (9-fluorenylmethoxycarbonyl) chemistry on Rinkamide-MBHA (4-methylbenzhydrylamine hydrochloride salt) resin in the manual mode using N, N-diisopropylcarbodiimide (DIPCDI) and N-hydroxybenzotriazole (HOBt) as coupling reagents. Removal of the Fmoc protecting groups was performed with 20% piperidine in dimethylformamide (DMF). Both the amino acid coupling and Fmoc deprotection were monitored by Kaiser test (11) . The TMPMs were cleaved off the resin by trifloroacetic acid (TFA, (95%), water (2.5%), and triisopropylsilane (TIS) (2.5%). The crude TMPMs were purified by reverse-phase high-performance liquid chromatography (RP-HPLC, Shimadzu, Kyoto, Japan). The molecular masses of these TMPMs were determined using a MALDI-TOF mass spectrometer (Autoflex ΙΙ, Bruker Daltonic, Billerica, MA). The physical properties of all TMPMs (TMPM 1 to TMPM 12) are summarized in table S1. Yeast strains and site-directed mutagenesisThe yeast strains used in this study are listed in table S2. All strains were maintained on yeast extract peptone dextrose (YEPD) agar plates and broth (HiMedia, Mumbai, India) at 30°C. Cdr1p and its TMH8 mutants were individually overexpressed in AD1-8u -cells. Site-directed mutagenesis was performed using the Quick Change Site-directed Mutagenesis Kit (Stratagene) as described previously (12) . The oligonucleotides used for mutagenesis are listed in table S3. The mutations were introduced into plasmid pPSCDR1-GFP according to the manufacturer's instructions, and the desired nucleotide sequence alterations were confirmed by DNA sequencing of the ORF. Mutated plasmids were maintained in Escherichia coli, DH5α. The mutated plasmid pPSCDR1-GFP linearized with XbaI was used to transform AD1-8u -cells using a lithium acetate transformation protocol followed by selection for uracil prototrophy (13) . Confocal microscopy of FITC-tagged TMPMsYeast cells grown to log phase (~10 6 ) were suspended in RPMI 1640 medium and incubated with FITC-tagged TMPMs for the indicated time period with constant shaking (200 rpm). The cells were resuspended in phosphatebuffered saline (PBS) and visualized by confocal microscopy (Olympus Fluoview TM FV1000). The excitation and emission wavelengths of FITC were 488 nm and 515 nm, respectively (14) . Efflux of NR and R6G -The energy-dependent efflux and accumulation of NR and R6G were determined as described previously (15, 16) . Briefly, cells were grown in RPMI 1640 medium for 5 hours. The cells were washed with PBS without glucose and resuspended as a 2% cell suspension in PBS without glucose (~10 8 cells, w/v). The cells were then de-energized and equilibrated with either NR (7 µM) or R6G (10 µM) for 30 minutes at 30°C. The indicated TMPM (70 µM for NR and 100 µM for R6G) was added to the equilibrated cells 5 minutes prior to the addition of NR or R6G. Fluorescence of the trapped dye was visualized with a confocal microscope at 580 nm for NR and 555 nm for R6G. The energy-dependent efflux of NR or R6G was initiated by the addition of 5 mM glucose. At the indicated times, samples were withdrawn and processed as described previously (17, 18 (4, 8, 12, 16 , and 24 hours at 30°C incubation; agitation 200 rpm), a 100-µl aliquot was removed, serially diluted (10-fold) in saline (0.9% NaCl) and plated on YEPD agar plates. The colony count was determined after incubation at 30°C for 48 hours (22) . Preparation of the plasma membrane and immunodetection of Cdr1p -The yeast plasma membranes (PM) were prepared as described previously (23) . The PM protein concentration was determined by bicinchoninic acid assay using bovine serum albumin (BSA) as the standard (24) . Western blot analysis was performed using a monoclonal antibody (1:5000) as described previously (12) . Proteins on the immunoblots were visualized using an enhanced chemiluminescence assay system (ECL kit, Amersham Biosciences, Arlington Heights, IL).
Time Resolved Fluorescence Spectroscopy (TRFS) -
We performed anisotropy decay measurements in the time correlated single photon counting (TCSPC) mode (FL920, Edinburgh Instruments, UK). The TMPMs in the sample were excited at 470 nm using picoseconds (ps) pulsed diode laser (pulse width ~85 ps; instrument response function, IRF, ~120 ps) and an emission wavelength of 515 nm and were collected at the magic angle (54°) and at a parallel and perpendicular polarization relative to the vertical polarization of excitation. We calculated the anisotropy decay using equation 1 incorporating the value of the instrumental Gfactor (25).
To measure the FITC-tagged TMPM3 and FITC-tagged TMPM8 interactions with the native Cdr1p, we measured the anisotropy decays of free FITC-tagged TMPM3 and FITC-TMPM8 in both PBS and bound to Cdr1p. The data were analyzed with the IGOR-Pro software (Wave Metrics, USA). For the anisotropy experiments, purified PMs were used that were isolated from cells overexpressing Cdr1p (AD-CDR1) and from control cells (AD1-8u -). FLC and TMPM8 synergy studies in a murine model of disseminated Candidiasis -C. albicans strain (Gu5) was grown in YEPD medium at 30°C to stationary phase. The cells were harvested by centrifugation, washed twice in calcium and magnesium free PBS (Bio Source International), and resuspended at a density of 1 x 10 5 CFU mL -1 prior to use. For the animal experiments, we followed previously published methods (26) . On day 0, female BALB/c mice were infected with C. albicans (Gu5) administered via lateral tail vein injection. At 3 hours post-infection, the mice were administered single or combination treatments of TMPM8 (3.8 mg/ml) and FLC (5 mg/kg) via intraperitoneal injection. These treatments were administered once daily for three days after the first dose. On the fourth day post-infection, the mice were euthanized via CO 2 inhalation, the kidneys were harvested, and the C. albicans burdens in the kidneys were determined. The combinatorial efficacy of TMPM8 along with FLC was assessed by the reduction in the C. albicans kidney burden in the mice treated with TMPM8 and FLC relative to the untreated controls.
Haemolytic-activity -Haemolytic activity of TMPM were performed as described previously (27) . Red blood cells (RBCs) were harvested by spinning (1000g, 5 min, room temperature) and washed with phosphate-buffered saline (PBS). RBC suspension (100µl) was transferred to each well of a 96-well microtiter plate and mixed with 100µl of TMPM3 and TMPM8 solution at twice the desired concentration, incubated (37°C, 60 minutes) and the sample were centrifuged (1000 g, 5 min, room temperature). The supernatant (100µl) was transferred to new wells, and the OD 414 was measured with a microtiter plate reader (Versa Max tunable, Molecular Devices, Sunnyvale, CA) to monitor RBC lysis. Cells with PBS alone served as the negative control, and RBCs lysed using 0.1% Triton X-100 were used to measure 100% lysis (positive control).
Mammalian-cell cytotoxicity-The cytotoxicity of the TMPM3 and TMPM8 was determined using an MTT assay against HeLa cells as described previously (28) . Briefly, cells (5 Χ 10 4 /well) were cultured at 37°C overnight in RPMI 1640 medium containing 10% fetal bovine serum in 96-well microtiter plates. The next day, TMPM3 and TMPM 8 were added to the cells and incubated for 18 hours at 37°C. 10% DMSO was taken as the positive control, and untreated cells served as the negative control, 20µl of MTT solution (5 mg/ml) in PBS was added, and were incubated (37°C, 3 to 4 hours). Supernatant (120µl) was removed, DMSO (100µl) was added, and the resulting suspension was mixed to dissolve the formazan crystals formed by MTT reduction. The ratio of the OD 570 for treated cells to the OD 570 for untreated cells was used to calculate percent viability.
RESULTS
Rational Design and synthesis of TMPMs -For designing the TMPMs specific to the primary sequence of each of the Cdr1p TMHs, we performed a full-length multiple sequence alignment (MSA) to accurately identify the TMHs and evaluate the sequences of the Cdr1p TMHs. The PDR transporters containing 12 TMHs with (NBD-TMH 6 ) 2 topology were extracted from 349 full-length PDR proteins from 55 fungal species. Partial or half-size sequences were excluded, and sequences that were suspected to originate from redundant submissions to databases were eliminated. The sequences of the 85 non-redundant full-length PDR transporters selected were aligned with Cdr1p using the membrane-specific multiple alignment program PRALINE TM (Fig. S1 ). The boundaries of these TMHs were determined by topology prediction programs, such as SWISS-PROT, HMMTOP, TMHMM, TopPred 2, and TMPred (29) .
Localization of FITC-tagged TMPMs in Cdr1p
overexpressing cells -To determine whether the synthesized TMPMs interacted with Cdr1p, we used S. cerevisiae cells in which Cdr1p was stably overexpressed from a genomic PDR5 locus in a mutant AD1-8u -strain that lacks seven ABC transporters (30) . We have previously shown that overexpression of Cdr1p leads to expression levels that are sufficient for the biochemical characterization of the transporters (12) . To determine whether these TMPMs bind to yeast cells overexpressing Cdr1p, we tagged the TMPMs with FITC, a well-known fluorescent dye, which is highly sensitive, stable and widely used in fluorescence microscopy (31) . The FITC-tagged TMPMs were individually incubated with the Cdr1p overexpressing cells (AD-CDR1) for 30 minutes. We observed that of all the TMPMs, only half, namely, TMPMs 1, 2, 4, 8, 10 and 11, interacted with the surface membrane of the yeast cells, as indicated by the rimmed fluorescence appearance of the cells in the confocal images (Fig. 1A) . This effect was not observed with the control cells (AD1-8u¯) (Fig. 1A) . Notably, TMPMs 3, 5, 6, 7, 9 and 12 displayed little or no fluorescence, suggesting poor interactions of these mimics with Cdr1p and control cells (AD1-8u¯) (Fig. 1B ) . TMPMs interact with AR Candida cells -To determine whether rationally designed TMPMs also interact with Candida cells, we incubated each of the FITC-tagged mimics with a laboratory strain of C. albicans (SC5314). However, due to constitutive low expression levels of Cdr1p, no significant interactions of the TMPMs were detected, as demonstrated by poor cell surface fluorescence (data not shown). To circumvent this problem, we used a genetically matched pair of AS (Gu4) and AR (Gu5) clinical isolates of C. albicans. Notably, the AS isolate Gu4 was isolated from a patient during an early stage of antifungal treatment, whereas the AR isolate Gu5 was derived from the Gu4 strain but was isolated after prolonged antifungal treatment of the same patient (32, 33) . Compared to the AS (Gu4), the clinical isolate AR (Gu5) displays significantly decreased susceptibility towards azoles because of the high expression of Cdr1p (32, 33) . The confocal images revealed that several mimics, including TMPM 1, 2, 4, 8, 10 and 11, were able to interact with the AR (Gu5) cells, as indicated by the enhanced surface fluorescence of the FITC-tagged TMPMs (Fig. 1  C ) . However, several mimics, such as TMPM 3, 5, 6, 7, 9 and 12, showed little or no interaction with the yeast cells (Fig. 1C) . Notably, similar to the Candida SC5314 strain, the AS (Gu4) cells did not show any significant interactions with FITC-tagged TMPMs because of the low level of constitutive Cdr1p expression (data not shown). TMPMs block drug efflux from AR cellsBecause TMPMs were rationally designed to interact with Cdr1p to block its function, we determined whether these mimics could act as inhibitors of Cdr1p-mediated efflux. Therefore, we used NR and R6G as fluorescent substrates and monitored their intracellular accumulation in the AR (Gu5) isolate (17, 18) . In a typical experiment, the efflux of equilibrated intracellular dye in de-energized cells was initiated by the addition of 5 mM glucose. The indicated TMPM was added to the de-energized cells 5 minutes prior to the addition of glucose. Dye accumulation was visualized using confocal microscopy.
The observed negligible intracellular fluorescence 30 minutes after the addition of glucose confirmed that the equilibrated NR dye was effectively extruded from the energized AR (Gu5) cells (Fig. 1D) . In contrast, if any of the interacting TMPMs, 1, 2, 4, 8, 10 or 11, was included in the assay, it effectively blocked the extrusion of the entrapped NR, as indicated by the high entrapped fluorescence of the dye within the cell (Fig. 1E) . However, TMPMs 3, 5, 6, 7, 9 and 12, which did not show any interaction with Cdr1p, could not block the efflux of the dye as demonstrated by the negligible intracellular fluorescence (Fig.1E) . The time-dependent quantitative measurements of NR efflux described in our previous publications were consistent with the confocal data. Fig. 2 (A and  B) depicts the amount of dye effluxed after the addition of glucose, which reached the maximum level after 30 minutes. Notably, Figs. 1 and 2 depict only the NR transport data. The R6G data, which was similar to the NR data, is included as Fig. S2 . TMPMs alone display no antifungal activity but synergize with drugs -The ability of select TMPMs to bind to Candida cells prompted us to examine whether the TMPMS could synergize with drugs because if TMPM binding hinders Cdr1p function, then the TMPMs may synergize with drugs by blocking their efflux from the Candida cells. To test this hypothesis, we first determined whether there was any intrinsic antifungal activity associated with TMPMs by determining the MIC of each mimic against the AR (Gu5) clinical isolate as per the CLSI protocol (20) . The AR (Gu5) cells were treated with the indicated TMPM in RPMI 1640 medium at 30°C. Candida cells without a mimic or drug were used as the growth controls. After 48 hours of incubation, the absorbance of the Candida cells was measured at 492 nm. No TMPMs had any demonstrable antifungal activity, as indicated by their near normal cell growth. Similarly, when the Candida cells were treated with non-toxic concentrations of FLC, they also did not display any antifungal activity against the AR (Gu5) cells (data not shown). However, when given in combination, each of the interacting TMPMs, 1, 2, 4, 8, 10 and 11, could inhibit the growth of the AR (Gu5) cells (Fig. 3A) . The other TMPMs, 3, 5, 6, 7, 9 and 12, which showed little or no interaction with the AR (Gu5) cells, did not inhibit the growth of the AR (Gu5) cells or synergize with FLC (Fig. 3B) .
For the subsequent detailed analysis, we selected TMPM8, which not only displayed good binding to AR (Gu5) cells but also showed synergy with FLC at its lowest MIC, as a positive control and TMPM3 as a negative control because it did not bind to cells and showed no synergy with the drugs (Table S4 ). The checkerboard assays confirmed that in contrast to TMPM3, the antagonist TMPM8 could effectively synergize with other drug substrates, such as CYH and ANISO ( Fig. 4B  and D) , whereas TMPM3 remained ineffective ( Fig. 4A and C) .
To elucidate the mechanism of TMPM8 synergy with FLC, we directly measured the accumulation of radiolabelled drug as per our earlier protocols. Expectedly, the accumulation of FLC in combination with TMPM8 was increased because of reduced efflux, whereas the presence of TMPM3, the negative control, did not affect drug accumulation (Fig. 5 ). This result confirmed that positive mimics, such as TMPM8, could block the efflux of both fluorescent dyes and antifungal drugs.
Time kill assays confirm synergism of TMPM8 -
The time kill assays with AR (Gu5) cells confirmed the checkerboard results. The presence of TMPM3 (125 µM), TMPM8 (125 µM) and FLC (62.5 µM) alone did not inhibit the growth of AR (Gu5) cells, which was confirmed by colony formation assays (Fig. 3C) . Given initial inoculums of 10 6 CFU mL -1 AR (Gu5) cells for 24 hours, combination therapy with TMPM8 and FLC resulted in a decline of 11 log 10 CFU mL -1 compared to FLC alone. However, combination therapy with TMPM3 and FLC showed no growth inhibition or change in the log 10 values (Fig. 3D) .
TMPM may chemosensitize AR clinical isolates -
We further investigated this observation of synergy to determine whether the antagonist TMPM8 could also chemosensitize other AR isolates in which azole resistance was caused by the overexpression of Cdr1p. The checkerboard assays revealed that when TMPM8 was added in combination with the non-toxic FLC, it could effectively synergize with the drug and chemosensitize the AR isolates DSY 289, DSY 296, DSY 735 and DSY 775 (Fig. S3E) (34) . As expected, treatment with TMPM3, TMPM8 and non-toxic concentration of FLC alone showed no effect on the cell growth of these clinical AR isolates (Fig. S3-A, B, C and D) . TMPMs selectively interact with Cdr1p -To establish the specificity and selectivity of the TMPMs, we tested TMPM8 with yeast cells overexpressing either Cdr2p (AD-CDR2), a close homolog of Cdr1p (AD-CDR1), or CaMdr1p (AD-CaMDR1), a transporter belonging to the MFS superfamily. Poor interactions with the either the Cdr2p (AD-CDR2) or CaMdr1p (AD-CaMDR1) overexpressing cells was observed with the FITC-tagged TMPM8 (Fig. 6A ). NR is a common substrate that can be transported both by ABC and MFS Candida efflux proteins (17, 18, 35) . Therefore, Cdr1p (AD-CDR1), Cdr2p (AD-CDR2) and CaMdr1p (AD-CaMDR1) effectively effluxed the NR dye. Fig. 6C and D shows that the accumulated NR in the Cdr2p (AD-CDR2) and CaMdr1p (AD-CaMDR1) expressing cells could be expelled from the yeast cells, and unlike the Cdr1p (AD-CDR1)-expressing cells (Fig. 6B and E) , the dye efflux could not be prevented with TMPM8 ( Fig. 6C  and D) . This result became clearer from the time dependent quantitative efflux measurements of the fluorescent NR in which efflux of the dye at up to 30 minutes did not change in presence of TMPM8 in cells overexpressing either Cdr2p (AD-CDR2) or CaMdr1p (AD-CaMDR1) ( Fig.  6F and G) . Time-resolved fluorescence anisotropy decay reveals a TMPM8 specific interaction with the native Cdr1p -Time-resolved anisotropy decay detects the rotational dynamics of a fluorescent complex in the excited state of a bound fluorophore. Fluorescence anisotropy decay measurements are ideal for following the binding of a fluorescently labeled molecule to another non-fluorescent macromolecule. In general, the fluorescent or fluorescently labeled molecules can rotate rapidly in solution because they are usually small. However, when these small molecules bind to other macromolecules, the entire complex becomes bulkier, which leads to the slow rotational motion of the entire complex. Therefore, the rotational decay time provides direct information regarding the binding of small fluorescent molecules to large macromolecules. Typically, the anisotropy decay (r (t)) is obtained by measuring the fluorescence decay rates in the parallel and perpendicular polarizations as a function of time after excitation with a vertical plane-polarized light. Therefore, fluorescent anisotropy decay measurements in the time correlated single photon counting (TCSPC) were performed to monitor and characterize the interaction of FITC-tagged TMPMs with Cdr1p.
The binding of the TMPMs to native Cdr1p was determined by comparing the anisotropy decays of free and bound FITCtagged mimics. Because of their small size, free FITC-tagged TMPMs can rotate rapidly in aqueous solution, resulting in a fast decay of r(t) (Experimental Procedure, equation 1) that can be fitted with a single rotational time constant of 0.25 ns for TMPM3 and 0.47 ns for TMPM8 (TABLE 1). We found that the anisotropy decay rate of TMPM8 bound to Cdr1p in the PM was much slower with higher residual anisotropy than in the PM from the control AD1-8u -cells, which lack Cdr1p (Fig. 7A and B) . In samples of TMPM8 incubated with PMs containing native Cdr1p, we found a large percentage (71%) of TMPM8 bound to Cdr1p with a very slow rotational time-constant (25 ns), and only 29% free TMPM8 with a rotational time of 0.47 ns (TABLE 1) . However, when these results were compared with the TMPM8 samples incubated with the PMs of control AD1-8u -cells in absence of Cdr1p, a significant percentage (95%) of TMPM8 was found to be free and only 5% was in the bound form. The binding of TMPM8 to Cdr1p is clearly observed in the raw anisotropy decay of Cdr1p-containing PMs, which shows a very slow rotational anisotropy decay compared to the free TMPM8 in water or TMPM8 in the PMs of control AD1-8u -cells (Fig. 7B) . This result is consistent with a slowly rotating TMPM8-Cdr1p complex in PMs. The mere 5% binding of TMPM8 with the PMs of control AD1-8u -cells in the absence of Cdr1p may arise from non-specific binding of TMPM8 to other PM proteins. Nonetheless, the 95% of TMPM8 that bound with Cdr1p compared to only 5% of TMPM8 that non-specifically bounding with control AD1-8u -cell PMs clearly shows that TMPM8 specifically binds to Cdr1p (TABLE 1) . For TMPM3, there was no significant difference in the fluorescence anisotropy decays between the TMPM3 complex with native Cdr1p and that with control cells (TABLE 1) . In water, FITC-tagged TMPM3 can rotate very quickly with a time-constant of 0.25 ns. Upon binding of the FITC-tagged TMPM3 to native Cdr1p and control AD1-8u¯cell PMs that lacks Cdr1p, the anisotropy decay rates slow down only by a factor of ~3 compared to water. No significant difference in the decay rates were observed for TMPM3 bound to native Cdr1p or control cell PMs (Fig. 7A) . The 3-fold slower anisotropy decay rates of TMPM3 in Cdr1p and control samples may arise from the non-specific binding of TMPM3 to other proteins in the membrane, similar to TMPM8 binding of control AD1-8u -cell PMs that lacks Cdr1p. No specific binding of TMPM3 to Cdr1p was observed (Fig. 7) . Therefore, the time-resolved fluorescence anisotropy decay studies showed a specific interaction of FITC-tagged TMPM8 with Cdr1p, whereas FITC-tagged TMPM3 was the negative control. TMPM8 preferentially interacts with hydrophobic residues of the Cdr1p TMHs -The time-resolved fluorescence analysis confirmed that TMPM8 preferentially interacts with Cdr1p. In the following experiments, we analyzed the interaction of TMPM8 with individual amino acids of native Cdr1p TMH8. We subjected the entire Cdr1p TMH8 to alanine scanning mutagenesis in which each of the 21 residues comprising TMH8 was replaced with an alanine (Fig. S4) . All mutant variants of TMH8 were overexpressed in S. cerevisiae (AD1-8u¯) cells (36) . We used these mutant variants of TMH8 to determine their specific interactions with the antagonist TMPM8. Because all the Cdr1p TMH8 mutant variants were GFP-tagged, we tagged TMPM8 with the fluorescent label TRITC (tetraethyl rhodamine-5-6-isothiocynate), which is a highly sensitive, stable dye routinely used as a fluorescence tag (37) . TRITC tagging of TMPM8 was performed to avoid interference of the fluorescence measurements because of the overlapping spectra of GFP and FITC. The rimmed appearance of TRITC-tagged TMPM8 bound to the cell surface was visualized in confocal images and confirmed that similar to the FITC-tagged version of TMPM8, the TRITC-tagged TMPM8 interacted with Cdr1p expressing AD-CDR1 cells (Fig. 8A, top panel) .
All Cdr1p TMH8 variant expressing cells were then individually treated with the antagonist TMPM8 to determine whether TMPM8 prevented the efflux of the accumulated fluorescent dye. As shown in Fig. 8, TMPM8 interacted with the majority of the mutant variants similar to the native protein, and TMPM8 could effectively block the efflux of NR from the cells expressing these mutant variant proteins (Fig. 8, B (ii) ). However, as indicated by the confocal images, the antagonist TMPM8 could not prevent the efflux of NR from several of the TMH8 variants, including M1229A, V1232A, F1233A, F1235A, I1237A, V1243A and Q1245A (Fig. 8B (i) ). Quantitative measurements of the expelled dye after 30 minutes also confirmed the confocal data (Fig.  S5) . The inability to inhibit the efflux of the NR dye from some of the variant expressing cells was because the TMPM8 could not bind to the AD-CDR1 cells. Fig. 8A shows the binding of TRITC-tagged TMPM8 to two representative mutant variants of Cdr1p expressing cells. It is clear from the confocal images that the antagonist TMPM8 was unable to bind to the F1233A variant expressing cells (Fig. 8A, top  and middle panel) . This supported the dye expulsion data in which TMPM8 could not block efflux of the dye from F1233A variant expressing cells (Fig. 8B (i) ). The binding of TRITC-tagged TMPM8 to variants such as P1238A was similar to cells expressing the native protein, and could block the efflux of the dye ( Fig. 8A; Fig. 8B ii) ). In vivo activity of TMPM8 in the presence of FLC -To determine the in vivo efficacy of TMPM8, immunocompetent BALB/c mice were infected with the C. albicans AR (Gu5) strain (26) . These mice were than treated with either FLC or TMPM8 peptide alone or in combination via intraperitoneal injection. The concentration of FLC (5 mg/kg) was based on previously published reports (38) . There was no significant reduction of fungal burden in the mice treated with FLC alone, most likely because of the FLCresistant strain Gu5. However, when used in combination with the TMPM8 peptide, there was a statistically significant (~1 log) reduction in kidney fungal burden to 4.9± 0.19 CFU mL -1 ( Fig. 9A and B) . Taken together, these data demonstrate that TMPM8 synergizes with fluconazole in vivo and underscore the therapeutic potential of peptide mimics.
DISCUSSION
The structural and functional studies of Cdr1p and its close homolog Cdr2p performed by our group and others have established that the 2 TMDs of ABC transporters, comprising 12 TMHs, are extremely variable domains that participate in drug binding and release during drug efflux. Our extensive site-directed mutational analysis of Cdr1p has further revealed that these TMHs contain several critical amino acid residues that impair drug efflux and increase drug susceptibilities when replaced. These essential residues are scattered across all the TMHs as part of the drug export pathway. We hypothesized that when the 12 Cdr1p TMHs were challenged with their respective peptide mimics, the TMPMs may act as antagonists and block the drug transport cycle and prevent drug efflux. To test this hypothesis, we rationally synthesized TMPMs of all 12 TMHs. These TMPMs retained their hydrophobicity, but were sufficiently modified by the addition of a few aspartic acid residues to increase their solubility for easy handling and processing. When Cdr1p-overexpressing S. cerevisiae cells were treated with FITC-tagged mimics, many of the TMPMs showed an interaction with the cells, but an equal number of mimics did not show any significant surface labeling of the AD-CDR1 cells. Similarly, selective TMPM interactions were also observed with the AR (Gu5) Candida cells overexpressing Cdr1p. Based on a recently predicted homology model of Cdr1p, closer scrutiny revealed that the majority of the interacting mimics, including TMPM 1, 2, 4, 8, 10 and 11, are mimics of TMHs that are exterior to the protein folds, whereas the non-interacting TMPMs are mimics of TMHs that are relatively interior or closer to the drug binding cavity (39) . Therefore, the inability of several of the TMPMs to interact with Cdr1p was most likely because of limited access to the respective TMH of Cdr1p.
The interaction of the mimics with the yeast cells was corroborated by the efflux of preloaded fluorescent dyes, such as NR or R6G, which was blocked when the Candida cells were treated with TMPMs. As expected, the noninteracting TMPMs failed to block dye efflux behaved similar to WT cells. The interaction of TMPM8, which was devoid of any cytotoxic, hemolytic and antifungal activity, also synergized with the drugs (Fig 9C) . For example, the FLC-resistant AR (Gu5) C. albicans clinical isolate could be desensitized to FLC when treated with TMPM8. The ability to synergize with FLC was also indicated by the in vivo mouse model. The co-administration of TMPM8 and FLC potentiated the therapeutic performance of FLC in mice infected with the AR (Gu5) isolate. Previous studies have shown that fungal drug efflux pump inhibitors can chemosensitize AR C. albicans strains in vitro, but very few studies have demonstrated whether fungal drug efflux pump inhibitors are effective in an in vivo infection model. Peptide bioavailability can be attenuated by rapid degradation by proteinases. Our animal studies suggest that the peptide antagonist TMPM8 is not susceptible to degradation and can synergize with FLC. This synergistic potential could be further exploited by optimizing the delivery and dose of the TMPM.
The interaction of the antagonist TMPM8 was very specific to Cdr1p because it was completely ineffective in cells overexpressing the close homologue Cdr2p or another MDR transporter of the MFS superfamily. The specific interaction of the antagonist TMPM8 with the protein Cdr1p was further highlighted by the TRFS measurements. It was observed that the anisotropy decay rate of TMPM8 bound to Cdr1p was much slower compared to the decay of the mimic alone or with the non-interactive TMPM3. The specificity of the antagonist TMPM8 to Cdr1p was further confirmed when TMPM8 was challenged with mutant variants of TMH8. In these studies, TMPM8 did not interact with certain TMH8 variants in which a single amino acid was replaced with alanine. We used 21 different mutant variants of the entire TMH8 region and exposed these mutants to TMPM8. Notably, TMPM8 could bind to and block the drug efflux from cells expressing the majority of the mutant variants similar to the native protein; however, seven residues, Met 1229 8B (i) ). A helical wheel representation and 3D conformation of the Cdr1p TMH8 sequences show that all mutant variants of the essential residues, M1229A, V1232A, F1233A, F1235A, I1237A and V1243A (with the exception of Q1245A), are grouped on the same face of the helix (Fig. 8C and D) . It appears that TMPM8 is not only specific to its respective helix but also prefers predominantly hydrophobic residues for interaction, which are clustered on one side of the helix. This result suggests that residue and distinct helices topologies impact the antagonistic effect of peptide mimics.
In conclusion, our study demonstrates that peptide mimics can specifically interact with MDR transporters to block drug export and potentiate the therapeutic potential of FLC.
These TMPM antagonists contain the structural information necessary for insertion and anchoring and contain specific binding sites that mediate the interactions between the mimic and its respective helix. This peptidomimetic approach to rationally synthesize mimics of TMHs could be used to improve therapeutic strategies for the treatment of fungal infections. 1, 2, 4, 8, 10, 11 ) and non-interacting (3, 5, 6, 7, 9, 12) TMPMs. The excitation and emission wavelength of FITC were 480 nm and 510 nm, respectively. For confocal images of trapped NR, an excitation and emission wavelength of 510 nm and 580 nm was used. The experiment was conducted in RPMI 1640 media in log phase (~10 6 ) cells. 
